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Structural Insights into the Stability
and Flexibility of Unusual
Erythroid Spectrin Repeats
a repetitive heptad pattern in its primary sequence that
is associated with coiled-coil structures (McLachlan and
Stewart, 1975). A characteristic of the spectrin repeat
is the presence of tryptophan residues in the first and the
third helices. These tryptophans are highly conserved,
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2205 Tech Drive particularly in the first helix, and contribute to the confor-
Evanston, Illinois 60208 mational stability of the repeats (MacDonald et al., 1994;
Pantazatos and MacDonald, 1997).
The conformation of the linker region has been the
Summary focus of models of spectrin flexibility (Bloch and Pum-
plin, 1992; Speicher and Marchesi, 1984). Therefore, it
Erythroid spectrin, a major component of the cytoskel- was of great interest that the linkers were ordered and
etal network of the red cell which contributes to both  helical in all crystal structures of a two-repeat spectrin
the stability and the elasticity of the red cell membrane, fragment (Grum et al., 1999). This observation of an
is composed of two subunits,  and , each formed ordered linker does not preclude the presence of nonhe-
by 16–20 tandem repeats. The properties of the re- lical linkers between some repeats, particularly in ery-
peats and their relative arrangement are thought to throid spectrin. In fact, the linker between the first com-
be key determinants of spectrin flexibility. Here we plete repeat of human erythroid -spectrin and the
report a 2.4 A˚ resolution crystal structure of human single helix of the incomplete repeat at its N terminus
erythroid -spectrin repeats 8 and 9. This two-repeat is nonhelical, as shown by its NMR structure (Park et
fragment is unusual as it exhibits low stability of folding al., 2003). This region, however, may be atypical as it is
and one of its repeats lacks two tryptophans highly involved in tetramer formation. Moreover, a disordered
conserved among spectrin repeats. Two key factors conformation is likely to promote proper pairing of the
responsible for the lower stability and, possibly, its  and  subunits and therefore is not an appropriate
flexibility, are revealed by the structure. A third novel model for other repeats of spectrin. Secondary structure
feature of the structure is the relative orientation of analyses of the linker region of aligned chicken brain
the two repeats, which increases the range of possible and human erythroid spectrin sequences predict either
conformations and provides new insights into atomic a helical or nonhelical conformation for some repeats
models of spectrin flexibility. (MacDonald and Cummings, 2004), depending on the
method used (Jones, 1999; King and Sternberg, 1996).
Introduction Among the fragments identified with a putatively nonhe-
lical linker is human erythroid -spectrin repeats 8 and
Spectrin is a ubiquitous, flexible rod-like protein which 9 (HE89). Interestingly, one of these repeats, repeat 9, is
plays an important role in conferring shape and stability also one of the few repeats without the highly conserved
on metazoan cells (Bennett and Baines, 2001; De tryptophans in the first and the third helices. Addition-
Matteis and Morrow, 2000; Lux and Palek 1995; Mohan- ally, HE89 has been shown to be less stably folded
das and Evans, 1994). The best-known isoform, ery- than other fragments previously examined (MacDonald
throid spectrin, constitutes 70% of the cytoskeletal net-
and Cummings, 2004; Pantazatos and MacDonald,
work of the red cell membrane and helps to maintain
1997). Thus, HE89 seems to be a good candidate to
red cell shape and elasticity. The basic molecular organi-
examine for the presence of a nonhelical linker and for
zation of erythroid (De Matteis and Morrow, 2000) and
investigation of the structural role of the highly con-nonerythroid (Bennett and Baines, 2001) spectrin iso-
served tryptophans in promoting folding and stability offorms is similar: they are comprised of two subunits, 
the spectrin repeat.(280 kDa) (Sahr et al., 1990) and  (246 kDa) (Winkelmann
Here we report the crystal structure of HE89, the firstet al., 1990), which form antiparallel heterodimers by
structure of two repeats of human erythroid -spectrin.side-to-side association (Speicher et al., 1992) and tetra-
The crystal structure clearly shows an -helical linkermers by head-to-head self-association of the hetero-
between the repeats. Comparison of the structure ofdimers (DeSilva et al., 1992). The elongated shape of
HE89 with that of repeats 16 and 17 of chicken brainspectrin is due to its arrangement as 16–20 tandem
-spectrin (CB1617) reveals the presence of a signifi-repeating units, or spectrin repeats, each one approxi-
cant cavity in HE89 due to the absence of the highlymately 106 residues long and with 20%–30% sequence
conserved tryptophans in repeat 9 and also a reducedsimilarity (Speicher and Marchesi, 1984). The repeats
number of canonical intrahelical hydrogen bonds. Theseare joined by a short region consisting of five residues,
features provide an explanation for the reduced thermalwhich is found at the C terminus of each repeat and
stability of HE89 and support the role of the highlytermed the linker region. Each repeat folds into a left-
conserved tryptophans in folding and stability of thehanded, antiparallel triple-helical coiled coil displaying
repeats. Equally importantly, the structure expands the
range of conformational variability of a previously pro-*Correspondence: rubymacd@northwestern.edu (R.I.M.),
a-mondragon@northwestern.edu (A.M.) posed molecular model of spectrin flexibility.
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Table 1. Data Collection and Refinement Statistics
SeMet
Native Edge Peak Remote
Data collection
Wavelength (A˚) 1.005 0.9796 0.9794 0.9642
Resolution (A˚) 2.4 2.5 2.5 2.5
Reflections
Observed 95,548 42,477 42,508 42,442
Unique 15,165 13,069 13,083 13,068
Completeness (%)a 99.7 (99.8) 98.6 (98.4) 98.8 (99.0) 98.5 (97.9)
I/(I)a 7.6 (2.7) 12.6 (3.7) 12.5 (3.8) 12.0 (3.4)
Rsym (%)a,b 8.1 (27.9) 5.8 (21.0) 5.8 (20.5) 6.1 (22.7)
Rmeas (%)a,c 8.8 (30.3) 7.6 (27.1) 7.5 (26.4) 7.9 (29.3)
Phasing
Number of sites 3
Figure of merit
Before density modification 0.294
After density modification 0.897
Refinement
Resolution (A˚)a 45.9–2.4 (2.55–2.40)
Rwork (%)a,d 22.2 (30.7)
Rfree (%)a,e 25.9 (34.9)
Number of reflections
Working set 14,388
Test set 746
Model composition
Residues 211
Water 182
Sulfate ions 2
Rms bond (A˚) 0.006
Rms angle () 1.0
Average B factor (A˚2) 45.1
Ramachandran analysis (%)
Most favored 96.8
Additional allowed 3.2
Generously allowed 0.0
Disallowed 0.0
a Numbers in parentheses are for the highest resolution shell.
b Rsym  |I  I	|/I, where I  observed intensity and I	  average intensity obtained from multiple measurements.
c Rmeas as defined by Diederichs and Karplus (Diederichs and Karplus, 1997).
d Rwork is the R factor based on 95% of the reflections used in refinement.
e Rfree is the R factor based on 5% of the reflections not used in refinement.
Results a translation of approximately 50 A˚ along the long axis
of the molecule and no rotation around the same axis.
Each repeat consists of three helices and two loops.Structure Determination and Overall
Structure of HE89 We refer to the helices in the first repeat as A, B, and
C, and to the helices in the second repeat as A
, B
, andThe crystal structure of HE89 was solved by MAD phas-
ing from a selenomethionine-substituted protein crystal C
. Helices C and A
 form a single long helix that includes
the linker region. Helices A, C, A
, and C
 are slightlyand was refined to a final Rwork of 22.2% and Rfree of
25.9% at 2.4 A˚ resolution (see Experimental Procedures bent, while helices B and B
 are kinked at their mid-
points. The three helices in each repeat show a charac-and Table 1). The asymmetric unit contains one molecule
and the final model includes 211 residues (amino acids teristic heptad pattern and interact with each other
through residues a and d, which are generally hydropho-1063–1273), 182 water molecules, and 2 sulfate ions.
The model has excellent stereochemistry; there are no bic, lie on the inward-facing surface of the helix, have
smaller solvent accessible areas, and create a closelyoutliers and all residues occupy most favored and ad-
ditional allowed regions in the Ramachandran plot packed core region.
(Table 1).
The overall structure of HE89 consists of two repeats Comparison of HE89 and CB1617
The overall structure of HE89 is similar to that of(termed R8 and R9) connected by an extended  helix
(Figure 1). The molecule has an elongated shape with a CB1617 (Figure 2B). However, it is not possible to sim-
ply superpose each pair of repeats, as the relative orien-length of about 103 A˚ and a width of about 21 A˚. The
relative orientation of the two repeats is described by tation (tilt, roll, and twist angles) of the two repeats in
Structure of Erythroid -Spectrin Repeats 8 and 9
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Figure 1. Overall Structure of HE89
(A) Stereoview ribbon diagram of the overall
structure of HE89. The first repeat (R8) is
shown in blue, the second repeat (R9) in cyan,
and the linker region between repeats in red.
(B) Stereo diagram of the C trace of HE89
with every tenth residue marked as a sphere
and every twentieth labeled. Residues are
numbered according to the SWISS-PROT
P11277 entry. The color scheme is identical
to that in (A).
HE89 is quite different from that of the two repeats in and two extra residues are added at the N terminus of
helix C (Figures 2A and 2C). A change in the phasing ofCB1617 (termed R16 and R17). In HE89, the tilt angle
is about11.6, the roll angle is about 3.8, and the twist the heptad pattern corresponding to a deletion of four
residues and referred to as a stammer (for definition seeangle is about 0.2. In the five structures of CB1617,
tilt angles range from 0.5 to 22.4, roll angles range Brown et al., 1996) that was observed in the second
helices of R16 and R17 (Grum et al., 1999) is not ob-from 3.3 to 9.5, and twist angles range from 27.9 to
52.5 (Grum et al., 1999). The relative orientation of the served in those of R8 and R9 (Figure 2A), suggesting that
this stammer is not a universal feature of the spectrinrepeats in HE89 was determined by the same proce-
dure as described previously (Grum et al., 1999). repeats.
When individual repeats of HE89and CB1617 are
compared, the rms differences are small (rms differ- Helical Linker Region
The crystal structure directly answers the question re-ences ranging from 1.07 to 1.59 A˚ for 98 to 106 C
atoms), indicating that the individual repeats are nearly garding the conformation of the linker region of HE89,
as it displays an -helical linker without any breaks oridentical (Figure 2C). In R8, the BC loop and the N termi-
nus of helix C differ significantly from those of the other discontinuities (Figures 1 and 3A). The -helical linker
consists of five residues and enables helix CA
 to formrepeats: the BC loop adopts a different conformation,
Structure
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Figure 2. Comparison of the Structures of HE89 and CB1617
(A) Structure-based amino acid sequence alignment of individual repeats of HE89 (SWISS-PROT P11277) and CB1617 (SWISS-PROT
P07751). Secondary structure elements were assigned according to the outputs of the program PROCHECK (Laskowski et al., 1993). To
delineate the secondary structural elements, the helices in each repeat are enclosed by colored boxes. R8, R9, R16, and R17 are shown in
blue, cyan, yellow, and green, respectively. The linker region of HE89 and CB1617 are marked by red and purple boxes, respectively. The
highly conserved tryptophan residues in helix A of each spectrin repeat and the corresponding residue in R9 (Ile1183) are shown in red.
Residues interacting with the tryptophan and the equivalent residue in R9 are also shown in red. The a and d positions in the heptad patterns
Structure of Erythroid -Spectrin Repeats 8 and 9
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Figure 3. Linker Region of HE89
(A) Stereoview of the MAD-phased electron
density map around the linker region at 2.5 A˚
resolution. The map is contoured at the 1.0
 level and shown by a green mesh. The final
model of the linker region is shown with a
color scheme identical to that in Figure 1.
(B) Close-up view of interactions between R8,
R9, and the linker region.
(C) Close-up view of interactions between
R16, R17, and the linker region. In (B) and (C)
the amino acid residues are drawn in a ball-
and-stick representation. Hydrogen bonds
(3.5 A˚) are indicated by orange dotted lines.
The color scheme is identical to that in Fig-
ure 2.
the longest continuous  helix in the structure. The hep- slightly different, suggesting that they may help to main-
tain the helical structure of the linker.tad pattern in R8 does not continue through the linker
to R9, even allowing for possible stammers, skips, or
stutters (Brown et al., 1996) for the following reason. Interactions around the Highly
Conserved TryptophanThe heptad pattern of helix C terminates with Leu1164
as an a residue while the pattern of helix A
 begins with The structures of -spectrin repeats revealed that the
highly conserved tryptophan residue (present in 14 outPhe1170 as an a residue. If the heptad pattern continued
from one repeat to the next, the helical linker would of 16 complete repeats in erythroid -spectrin) in the
first helix interacts with a d residue in the middle of thehave to consist of six residues instead of the observed
five. These features of HE89 are very similar to those second helix and with a less highly conserved trypto-
phan residue (present in 9 out of 16 complete repeatsobserved in CB1617: the existence of an-helical linker
consisting of five residues forming the longest continu- in erythroid -spectrin) at the a position of the third helix
(Grum et al., 1999; Park et al., 2003; Pascual et al., 1997;ous  helix, and the discontinuity of the heptad pattern
(Grum et al., 1999). Yan et al., 1993). In earlier studies, it was shown that
both tryptophan residues promote the conformationalIn HE89, residues in the -helical linker interact
mainly with those in loop AB and helix B in R8 and stability of a repeat (MacDonald et al., 1994; Pantazatos
and MacDonald, 1997). As R9 of HE89 does not pos-residues in loop B
C
 in R9 (Figure 3B). Gln1166 hydro-
gen bonds to Asn1239 and Leu1240 in loop B
C
. sess these tryptophans, the role of these highly con-
served residues could be examined by comparing theCys1167 and Leu1168 make van der Waals contacts
with Met1089 in loop AB and Leu1100 in helix B, respec- structure of R9 with that of R8 and the two repeats of
CB1617.tively. In CB1617, Glu1873 hydrogen bonds to Asn1945
and His1947 in the loop corresponding to loop B
C
. In R8, Trp1076 stacks on His1113, while Trp1076 inter-
acts with Trp1150, resulting in a closely packed coreSer1874 hydrogen bonds to Tyr1797 in the loop corre-
sponding to loop AB (Figure 3C) (Grum et al., 1999). The region (Figure 4A). In R9, Ile1183, the equivalent of
Trp1076, interacts with Asn1220. However, unlikeinteractions observed in the linker regions of both HE89
and CB1617 involve equivalent residues and are only Trp1076 and Trp1150 in R8, Ile1183 and His1256 are far
of R8/R9 and R16/R17 are labeled above and below the sequences. Note that both HE89 and CB1617 used for this study have a mutation
(L1063E and L1771V, respectively).
(B) Ribbon diagrams of the structures of HE89 and CB1617 (PDB code 1CUN). In HE89, the color scheme is identical to that in Figure 1.
In CB1617, the first repeat (R16) is shown in yellow, the second repeat (R17) in green, and the linker region between repeats in purple. A
diagram of the three rotations defining the orientation is shown on the right.
(C) Stereoview of the superposition of individual repeats (R8, R9, R16, and R17) in the structures of HE89 and CB1617. The color scheme
is identical to that in (A) and (B). The linker regions are included in the C terminus of R8 and R16.
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Figure 4. Interhelical Interactions around the
Highly Conserved Tryptophan in R8, R9, R16,
and R17
The diagrams show space-filling models of
the interactions around the highly conserved
tryptophan. In all panels, the interacting
amino acids are shown in orange. In (B), two
water molecules are shown in red. The view
is along the long axis of the molecule and
corresponds to the hydrophobic core. (A)
Trp1076/His1113/Trp1150 in R8; (B) Ile1183/
Asn1220/His1256 in R9; (C) Trp1784/His1821/
Trp1857 in R16; and (D) Trp1890/His1927/
Val1963 in R17.
from each other in R9 so that a large cavity is created structure. For instance, wild-type Myb, a DNA binding
protein consisting of three imperfect repeats, one ofin the core, which contains two water molecules (Figure
4B). In R16, the equivalent interaction involves Trp1784/ which exhibits decreased thermal stability attributed to
a cavity in the hydrophobic core (Ogata et al., 1996). AHis1821/Trp1857 (Figure 4C) and is almost the same as
that of R8. In R17, this interaction involves Trp1890/ valine to leucine (V103L) mutant can fill this hole and
leads to higher stability (Ogata et al., 1996). Taken to-His1927/Val1963. However, R17 has a valine (Val1963)
instead of the conserved tryptophan in the third helix, gether, these observations suggest that buried water
molecules can confer stability, although not as much asand as a result, the core of R17 displays a much smaller
cavity than in R9 and contains no water molecules (Fig- the nonpolar protein atoms forming part of the hy-
drophobic core. The observation of a large cavity par-ure 4D).
In order to stabilize their structures, heptad repeat tially filled with two water molecules in R9 suggests that
the lower stability of HE89 may be due, at least partially,structures generally form closely packed hydrophobic
cores with residues a and d on the inward-facing sur- to its more loosely packed hydrophobic core than that
of other spectrin repeats. Thus, the tryptophans at theface. In contrast, the above core is formed by g, d, and
a residues, with the g residues largely exposed to the g position and at the a position are crucial for the forma-
tion of a closely packed core and a more stable protein.solvent. To form a closely packed core, amino acids
with bulky side chains, like tryptophan, are preferred at
the g position in the middle of the first helix and at the Loss of Canonical Intrahelical Hydrogen Bonds
in the Second Helicesa position in the middle of the third helix, respectively
(Figure 2A). R9 in HE89 does not contain a tryptophan In HE89, both B helices are kinked at their midpoints,
resulting in loss of canonical intrahelical hydrogenresidue in the first helix or in the third helix and thus
possesses a large cavity in its core (Figure 4B). In addi- bonds (3.5 A˚) at this position. In helix B of R8, two
canonical intrahelical hydrogen bonds are lost: the dis-tion, two water molecules are found in the large cavity
of R9 (Figure 4B) and form hydrogen bonds with polar tance between the backbone nitrogen of Asp1111 and
the carbonyl oxygen of Asp1115 is 4.6 A˚, and the dis-atoms on the inward-facing surface of the cavity. It has
been previously shown that a cavity in a hydrophobic tance between the backbone nitrogen of Gly1112 and
the carbonyl oxygen of Ser1116 is 5.0 A˚ (Figure 5A).core can contain water molecules which hydrogen bond
to polar atoms of the core (Buckle et al., 1996; Takano Interestingly, the backbone nitrogens of both Asp1111
and Gly1112, as well as the carbonyl oxygens of bothet al., 1997, 2003). Moreover, such water molecules may
contribute to the conformational stability of a protein Asp1115 and Ser1116, form hydrogen bonds with water
molecules (W1 and W2). The side chain oxygen of(Buckle et al., 1996; Takano et al., 1997, 2003). For exam-
ple, in cavity-creating mutants of lysozyme, those with Asp1115 also hydrogen bonds to a water molecule (W1).
Helix B
 of R9 has a similar hydrogen bonding patternsolvated cavities are more stable than those with empty
cavities, although they are still less stable than wild- to R8 (Figure 5B), but additionally, this helix contains a
proline (Pro1227) near the kink (Figure 5C). Proline lackstype protein (Takano et al., 1997, 2003). In addition,
a cavity-filling mutation can help to stabilize a protein an amide proton and, hence, cannot form an intrahelical
Structure of Erythroid -Spectrin Repeats 8 and 9
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Figure 5. Stereoviews of the B Helices in All
the Repeats around the Kink Region
Residues are drawn as balls-and-sticks; wa-
ter molecules are shown as red spheres and
are labeled from W1 to W5. Missing canonical
intrahelical hydrogen bonds are indicated by
black dotted lines and by green dotted lines
for proline residues. Canonical intr-helical,
protein-water, and C-H···O hydrogen bonds
involving proline residues are indicated by or-
ange dotted lines (all are 3.5 A˚ in length).
(A) Residues from Asp1111 to Ser1116 in R8.
The distance between the backbone oxygen
of Asp1111 and the backbone nitrogen of
Asp1115 is 4.6 A˚. The distance between the
backbone oxygen of Gly1112 and the back-
bone nitrogen of Ser1116 is 5.0 A˚.
(B) Residues from Glu1218 to Lys1223 in R9.
The distance between the backbone oxygen
of Glu1218 and the backbone nitrogen of
Asp1222 is 4.9 A˚. The distance between the
backbone oxygen of Asn1219 and the back-
bone nitrogen of Lys1223 is 5.1 A˚.
(C) Residues from Lys1223 to Val1228 in R9.
The distance between the backbone oxygen
of Val1224 and the backbone nitrogen of
Val1228 is 4.2 A˚.
(D) Residues from Ala1819 to Ala1824 in R16.
The distance between the backbone oxygen
of Ala1820 and the backbone nitrogen of
Ala1824 is 5.1 A˚.
(E) Residues from Thr1925 to Arg1930 in R17.
Canonical intrahelical hydrogen bonds are
present between Thr1925 and Asp1929 and
between Val1926 and Arg1930.
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hydrogen bond between the amide and carbonyl groups, to be nonhelical, the structure clearly shows it to be
 helical (Figures 1 and 3). In contrast, CB1617 alsoso that it may act as a helix breaker (O’Neil and DeGrado,
1990). Nevertheless, it has been reported recently that possesses an -helical linker (Figure 2B) but is thermo-
dynamically more stable than HE89. Thus, the lowerthe C proton of a proline residue in a helix can form a
C-H···O hydrogen bond so as to stabilize a helix (Chakra- thermal stability of HE89 is not attributable to a nonheli-
cal linker region.barti and Chakrabarti, 1998). Most of those hydrogen
bonds are formed by the proline and the carbonyl oxy- Two factors appear to be important for the lower sta-
bility of HE89. The first factor is the presence of a largegen of a preceding amino acid, either three (type 3), four
(type 4), or five (type 5) residues away (Chakrabarti and cavity with two water molecules in the hydrophobic core
in R9. This cavity is presumably due to the fact that R9Chakrabarti, 1998). In R9, both a type 3 and a type 4
hydrogen bond are present in helix B
 and may help to does not contain the highly conserved tryptophans in
its first and third helices (Figure 4B). This cavity is the firststabilize it (Figure 5C). However, two canonical intraheli-
cal hydrogen bonds are lost between Lys1223 and structural evidence for the importance of the tryptophan
residues for the conformational stability of spectrin re-Pro1227 and between Val1224 and Val1228 (Figure 5C).
Thus, HE89 loses six canonical intrahelical hydrogen peats (Figure 4). A second factor is the loss of six canoni-
cal intrahelical hydrogen bonds in the B helices of HE89bonds but forms eleven protein-water hydrogen bonds
and a type 3 and a type 4 C-H···O hydrogen bond. (Figures 5A–5C). Of the six intrahelical hydrogen bonds
lost from HE89, four are missing from helix B
 of R9In CB1617, helix B in R16 is also kinked and contains
a proline residue. As a result, two canonical intrahelical (Figures 5B and 5C), strongly suggesting that R9 is the
repeat that is thermodynamically less stably folded. Ithydrogen bonds are lost between Ala1819 and Pro1823
and between Ala1820 and Ala1824, and two protein- is noteworthy that the loss of canonical intrahelical hy-
drogen bonds occurs in the vicinity of the large cavitywater hydrogen bonds and a type 3 and a type 4 hydro-
gen bond are formed (Figure 5D). The corresponding in the core, suggesting that the two factors may cooper-
atively decrease the thermal stability of HE89.helix in R17 is not kinked, and the intrahelical hydrogen
bonds are all present (Figure 5E). CB1617 loses two
canonical intrahelical hydrogen bonds and forms two
Relationship between Flexibility and Lowerprotein-water hydrogen bonds and a type 3 and a type
Stability of Spectrin Repeats4 C-H···O hydrogen bond.
Recently, the S2 segment of myosin II has been reportedProtein-water hydrogen bonds are observed in the B
to form a flexible coiled coil with poorly packed corehelices of R8, R9, and R16, which may contribute to
residues (Li et al., 2003). In the crystal structure, twostabilizing such helices. However, protein-water hydro-
lysine side chains at a positions in the heptad patterngen bonds are likely to be less stabilizing than canonical
adopt variable conformations in the two molecules inintrahelical ones, because water molecules have high
the asymmetric unit due to the poorly packed core. Thus,entropy associated with solvent ordering. The impor-
the poorly packed core regions are likely to be relevanttance of canonical intrahelical hydrogen bonds for ther-
to the flexibility of the S2 segment (Li et al., 2003). Sincemal stability of proteins has been reported. For example,
spectrin repeats form a triple helical coiled coil, and R9the structure of wild-type Escherichia coli Fis protein
of HE89 exhibits a large cavity containing two watercontains a C-H···O hydrogen bond but lacks a canonical
molecules in the hydrophobic core, our observation par-intrahelical hydrogen bond between residues Glu57 and
allels that in myosin II and suggests that R9 may contrib-Pro61 (Kostrewa et al., 1991; Yuan et al., 1991), while in
ute to spectrin flexibility through its poorly packed corethe structure of a stable Fis P61A mutant, a canonical
region. Atomic force microscopy (AFM) and molecularintrahelical hydrogen bond is formed (Yuan et al., 1994).
dynamic simulation (MD) experiments (Altmann et al.,As a result, the Fis P61A mutant becomes thermody-
2002) have suggested that partial unfolding of the spec-namically more stable than the wild-type protein (Yuan
trin repeats may be an important source of flexibility. Inet al., 1994), strongly suggesting that the loss of canoni-
these experiments, spectrin repeats subjected to exter-cal intrahelical hydrogen bonds may decrease structural
nal forces could form unfolding intermediates which werestability, even though protein-water hydrogen bonds
associated with kinking of the second helix, close to theand C-H···O hydrogen bonds are formed. HE89 loses
proline residue in R16. (Altmann et al., 2002). In contrast,six canonical intrahelical hydrogen bonds, whereas
a mutation stabilizing the second helix, P1823A/G1827A,CB1617 loses only two canonical intrahelical ones. This
resulted in higher thermal stability than the wild-typedifference indicates that a second major reason for the
repeat and no unfolding intermediates were observedreduced thermal stability of HE89 may be the presence
by AFM or in MD simulations (Altmann et al., 2002).of fewer canonical intrahelical bonds, although some of
These observations are consistent with the structure ofthem are replaced by other types of interactions.
HE89. Destabilizing the second helix of a spectrin re-
peat by loss of canonical hydrogen bonds may trigger
unfolding intermediates and constitute a source of flexi-Discussion
bility.
Fluorescence polarization (Yoshino and Marchesi,Structural Basis for the Lower Thermal
Stability of HE89 1984) and 1D 1H-NMR (Begg et al., 1994) studies on
intact spectrin have suggested that certain repeats areWe have solved the first crystal structure of two repeats
of human erythroid -spectrin, HE89, to 2.4 A˚ resolu- not stably folded or are partially unfolded under physio-
logical conditions. The midpoint temperature of un-tion. Although the linker region of HE89 was predicted
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folding (Tm) of HE89 is about 34C (MacDonald and
Cummings, 2004), which is close to the physiological
temperature of 37C. One possible consequence of a
nearly physiological Tm is that HE89, in particular R9,
may be able to form an unfolded intermediate under
those conditions. In this manner, relatively unstably
folded repeats like R9 may contribute to spectrin flexibil-
ity. Thus, the two key factors found to be responsible
for HE89 instability may also play a role in the flexibility
of spectrin.
An Atomic Model of Spectrin Flexibility Model
Based on the Structure of HE89
Two atomic level models of spectrin flexibility have been
suggested by the crystal structures of CB1617 (Grum
et al., 1999): a conformational rearrangement model and
a bending model. The conformational rearrangement
model is based on the observation that a loop between
two helices becomes ordered to form part of an adjacent
helix, while a neighboring helical region is melted to
replace the loop. The bending model is based on the
observation that the relative orientation of two repeats
can differ without a change in secondary structure or
major rearrangement of the linker region. It is likely that
both mechanisms are important and that spectrin flexi-
bility is achieved through a combination of both. The
HE89 structure confirms that spectrin repeats can ac-
commodate different relative orientations, in support of
a major assumption of the bending model. In the bending
model based on the structures of CB1617, the different
tilt and roll angles between tandem repeats played a
major role. The HE89 structure allows us to propose Figure 6. Models of Spectrin Flexibility
a new variation or refinement of the bending model Hypothetical models of -spectrin as a chain of 16 complete repeats
based on the observation of a twist angle of almost and a partial repeat are shown.
0. In this refined model, differences in twist between (A) Model based on all the repeats adopting an orientation similar
different repeats promote further variability in the ar- to that of HE89 . A semicircle forms due to a twist angle of almost
0 between repeats.rangements of repeats so as to produce a large number
(B) Model based on all repeats adopting an orientation similar toof possible outcomes.
that of CB1617 (PDB code 1CUN). The resulting molecule formsModels of tandem repeats mimicking -spectrin were
an extended supercoil.
built by the repetitive superposing of two repeats (see (C) Model based on all repeats adopting an orientation similar to
Experimental Procedures). If the twist angle is almost that of CB1617 except for repeats 8 and 9, which adopt an orienta-
0 between all repeats, the model forms a semicircle tion similar to that of HE89.
(D) Model based on all repeats adopting an orientation similar to(Figure 6A) due to the lack of twist between the repeats.
that of CB1617, except for repeats 4 and 5 and repeats 8 and 9On the other hand, if the twist angle is about 30 between
which adopt an orientation similar to that of HE89. A line drawnall repeats, as in one structure of CB1617 (PDB code
parallel to the long axis of the molecule serves as a reference guide
1CUN), the model forms an extended conformation with to illustrate that the models in (C) and (D) have different end points.
a gentle supercoil (Figure 6B). When the model contains A scale bar is shown at the bottom of the figure. The color scheme
one or two pairs of repeats with a twist angle of almost of repeats is identical to that Figure 2.
0, as in HE89, while all other repeats adopt a confor-
mation similar to CB1617, a variety of conformations
result. For example, when a model contains HE89 at from 27.9 to 52.5, was observed in the structures of
four slightly different constructs of CB1617 (Grum etrepeats 8 and 9, its trajectory begins to change (Figure
6C) from that of the extended one in Figure 6B without al., 1999). The structure of HE89 further expands the
range of twist angles to that of almost 0. In addition,repeats 8 and 9. Moreover, when a model contains two
HE89 pairs at repeats 4 and 5 and at repeats 8 and 9, twist angles of 100 have been observed in the crystal
structures of repeats of -actinin (Djinovic-Carugo et al.,as in -spectrin, its trajectory is dramatically altered
(Figure 6D). Additional combinations of twist angles 1999; Yla¨nne et al., 2001), which is a member of the
spectrin superfamily. Spectrin repeats seem to be ablewould result in further unique conformations of spectrin.
A twist angle of 60 between repeats was first sug- to adopt a much wider range of twist than previously
thought. If spectrin repeats can assume such a widegested from a model of two repeats based on the struc-
ture of a single repeat of Drosophila -spectrin (Yan et range of twist angles, from 0 to 100, and the twist can
vary in the same two repeats, as observed in structuresal., 1993). Subsequently, a wide range of twist angles,
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integrated with the program XDS (Kabsch, 1993), and scaled withof CB1617 (Grum et al., 1999), this would lead to a
SCALA (CCP4, 1994). The crystals belong to the tetragonal spacevariety of conformations for spectrin at the atomic level,
group P41212, with unit cell parameters, a  b  122.15 A˚ and c in agreement with electron microscopy studies (Shotton
49.55 A˚ with one molecule in the asymmetric unit. SeMet-HE89
et al., 1979). crystals were nearly isomorphous to native crystals.
A helical conformation of the linker region is compati- The structure of HE89 was solved by a MAD experiment using
data from a SeMet-HE89 crystal collected to 2.5 A˚ resolution. Ofble with a variety of different twist angles between spec-
the four possible selenium sites in SeMet-HE89, three sites weretrin repeats, leading to many different conformations.
found with the program SOLVE (Terwilliger and Berendzen, 1999).In addition, variable tilt and roll angles would add to the
Phases were calculated with the program SHARP (de la Fortelle andnumber of possible conformations, further increasing
Bricogne, 1997) and further improved with the program SOLOMON
the repertoire of spectrin conformations. Thus, the pres- (Abrahams and Leslie, 1996) and DM (Cowtan, 1994) as implemented
ent structure of tandem repeats of -spectrin together in SHARP. The resulting map was sufficiently clear to build an initial
model of the molecule using O (Jones et al., 1991).with previous structural evidence of a helical linker in
The model was refined using native data at 2.4 A˚ resolution withchicken brain -spectrin and -actinin (Djinovic-Carugo
the program CNS (Bru¨nger et al., 1998) and REFMAC5 (Murshudovet al., 1999; Grum et al., 1999; Yla¨nne et al., 2001)
et al., 1997). The model was finally refined with CNS and containsstrongly suggest that an  helix is the preferred confor-
211 amino acids (residues 1063–1273, one mutation, L1063E, was
mation for the linker. It is likely that spectrin uses various observed), 182 water molecules, and 2 sulfate ions with a final Rwork
combinations of mechanisms to achieve its flexibility, of 22.2% and Rfree of 25.9%. Repeat 8 and repeat 9 contain three 
helices and two loops, respectively; helix A (1065–1085), helix Bfor example, conformational rearrangements within re-
(1093–1128), helix C (1134–1169), loop AB (1086–1092), and looppeats, relative bending of the repeats, and partial un-
BC (1129–1133) in R8 and helix A
 (1170–1192), helix B
 (1200–1236),folding of the repeats. Additional biophysical and struc-
helix C
 (1242–1271), loop A
B
 (1193–1199), and loop B
C
 (1237–tural studies are needed to characterize more fully the
1241) in R9 (Figure 2A). The quality of the final model was assessed
range of variability of conformations of spectrin repeats with the program PROCHECK (Laskowski et al., 1993). Crystallo-
and to ascertain whether other mechanisms could play graphic statistics are summarized in Table 1.
a role in spectrin flexibility. For instance, the possibility
of melting of the helical linker has been suggested re-
Hypothetical Models of -Spectrin
cently (Law et al., 2003) to explain results of AFM and Hypothetical models of -spectrin as a chain of 16 complete repeats
CD experiments on -spectrin repeats 1–4, indicating a and a partial repeat were built by the repetitive superposition of
two repeats. All structural superpositions were performed with thescenario in which the linker region is frequently helical
program LSQKAB (CCP4, 1994). In Figure 6A, R9 of HE89 wasat low temperatures, but becomes an unfolded coil at
superposed on R8 of another HE89, after which the superpositionhigher temperature or at the Tm (Law et al., 2003). It is
was repeated in turn to make 17 tandem repeats. As a result, thenot certain, however, whether the helix-to-coil transition
model forms a semicircle as the twist angle is almost 0 in all repeats.
occurs within the helices of the three-helix coiled coil In Figure 6B, R17 of CB1617 was superposed on R16 of another
or in the linker region, since direct evidence of melting CB1617, after which the superposition was repeated in turn to
make 17 tandem repeats. As a result, the model forms an extendedof the linker was not reported. Finally, although we can-
supercoiled conformation as the twist angle is almost 30 in allnot rule out the possibility that the helical linker could
repeats. In Figure 6C, the last repeat of eight tandem repeats basedmelt under as yet undefined conditions or that a nonheli-
on the structures of CB1617 was superposed on R8 of HE89,cal linker could exist between some repeats, the possi-
after which R9 of HE89 was superposed on the first repeat of nine
bility of a nonhelical linker between fully formed repeats tandem repeats based on the structures of CB1617. As a result,
appears increasingly to be less likely. the model contains a twist angle of almost 0 at the positions of
repeats 8 and 9. In Figure 6D, the last repeat of four tandem repeats
based on the structures of CB1617 was superposed on R8 ofExperimental Procedures
HE89, and then R9 of HE89 was superposed on the fifth repeat
of the model containing a twist angle of almost 0 at the positionsOverexpression and Protein Purification
of repeats 8 and 9 made in Figure 6C. As a result, the model containsHE89 (residues 1063–1275) was overexpressed in Escherichia coli
two twist angles of almost 0 at the positions of repeats 4 and 5BL21(DE3) and purified by DEAE and Q-sepharose anion exchange
and repeats 8 and 9. In all cases, helix C of the 17th repeat waschromatography and S-100 gel filtration chromatography as pre-
removed from the final model. All figures were generated with theviously described (Grum et al., 1999). SeMet- HE89 was prepared
programs, Molscript (Kraulis, 1991), Bobscript (Esnouf, 1999), andusing the methionine pathway inhibition method (Van Duyne et al.,
Raster3D (Merritt and Murphy, 1994).1993) and purified in the same manner as the native HE89 protein.
HE89 was more than 95% pure, which was confirmed by SDS-
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